Gold nanoparticles (NPs) have been proposed as a highly potential tool in immunotherapies due to its advantageous properties including customizable size and shapes, surface functionality and biocompatibility. Dendritic cells (DCs), the sentinels of immune response, have been of interest to be manipulated by using gold NPs for targeted delivery of immunotherapeutic agent. Researches done especially in human DCs showed a variation of gold NPs effects on cellular uptake and internalization, DC maturation and subsequent T cells priming as well as cytotoxicity. In this review, we describe the synthesis and physiochemical properties of gold NPs as well as the importance of gold NPs in immunotherapies through their actions on human DCs.
Introduction
Nanoparticles (NPs) defined as particles with a diameter of less than 100 nm (Horikoshi and Serpone, 2013) have been proposed to be highly useful in several medical applications from diagnostics to disease therapy. The minute size of NPs enables them to infiltrate tissues including lymphoid tissues and subsequently target immune cells, making them potentially useful in immunotherapies (Almeida et al., 2014) . There are different types of NPs, composed of inorganic metals (e.g. gold, silver, carbon), metal oxides (e.g. titanium oxide, iron oxide), metalloids (e.g. crystalline silica, amorphous silica), organic biodegradable (e.g. lipid, polysaccharide, polymeric matrix) or inorganic biocompatible polymers (e.g. polystyrene) (Mohamud et al., 2014) . Among these, gold NPs have been the choice for immunotherapies applications given its advantageous physicochemical properties.
Gold NPs are customizable in their size and shape which have functional significances in immunotherapies. The size and shape of gold NPs may influence the ability of gold NPs to reach the targeted cells (e.g. cancer cells) and antigen-presenting cells [e.g. dendritic cells (DCs) and macrophages], as well as their interaction capacity with these cells (e.g. internalization process). Studies have shown that smaller sized gold NPs (< 2 nm) were more readily internalized into cellular compartment Oh et al., 2011) as they can pass cellular membrane passively through diffusion and other internalization mechanisms. As for shape, rod-shaped gold NPs were more efficiently taken up by DCs than those of sphere-or cubic-shaped gold NPs (Niikura et al., 2013) because of the larger surface volume of rod shape compared to other shapes (Vacha et al., 2011) . These reflect the importance of physicochemical properties of gold NPs in modulating the targeted immunological effects.
In addition, the functionality of gold NPs can be fine-tuned after surface functionalization with numerous molecules including antibodies, antigenic peptides, nucleic acids, polymers and radioisotopes (Oh et al., 2011; Lee et al., 2016a; Paul et al., 2014; Safari et al., 2012) . High surface energy as well as affinity of gold NPs toward these molecules enable gold NPs to be attached either by covalent or noncovalent mechanisms. Furthermore, gold NPs are chemically inert and relatively stable. For example, gold NPs conjugated with M2e, the ectodomain of M2 protein present on influenza A virus, could be lyophilized and stably resuspended in water demonstrating the potential of gold NPs as a stable vaccine delivery agent (Tao et al., 2014) .
Another important properties of gold NPs is their unique optical properties pertaining to the surface plasmon resonance and light-scattering that render gold NPs as a promising candidate in cancer detection and treatment (Arosio et al., 2011; Wang et al., 2011) . Moreover, gold NPs are efficiently interacting with targeted cells compared to other NPs in terms of immunological responses and cytotoxicity (Singh et al., 2010; Yen et al., 2009) . Therefore, these unique properties make gold NPs a suitable immunotherapeutic agent as compared to other NPs.
The purpose of this review is to highlight the effects of gold NPs in manipulating biological functions of human DCs to regulate T cells, specifically on their cellular uptake of gold NPs by DCs, the subsequent maturation of DCs and activation of T cells as well as potential cytotoxicity of gold NPs on DCs.
Synthesis of gold nanoparticles
The customizable size and shape of gold NPs, which are the advantageous properties of gold NPs, are produced through well-explored synthesis methods (Table 1) . Gold (III) salts are normally employed for chemical synthesis of gold NPs. The most popular route in synthesizing gold NPs is through citrate reduction of hydrogen tetrachloroaurate (III) (HAuCl 4 ) in boiling water. This chemical synthesis is first proposed by Turkevich and coworkers back in 1951 (Turkevich et al., 1951) and further modified by Frens in 1973 (Frens, 1973 ). Turkevich's group introduced the use of trisodium citrate which plays dual roles: as a reducing agent to promote the reduction of Au 3+ to Au 0 , and as a stabilizing agent later as it adsorbs onto the surface of gold colloids formed and electrostatically stabilizes them in aqueous environment (Turkevich and Colloidal Gold Part, 1985) . Later, this citrate route was improved to regulate the particle size by controlling the ratio of trisodium citrate to gold salt, resulting in gold NPs with diameters ranging from 15 to 150 nm (Frens, 1973) . The Turkevich-Frens method has been used for about three decades until it was further improved by Kimling and colleagues (Kimling et al., 2006) . According to their findings, the general relation between goldto-reductant ratios in determining the final size of gold NPs is independent of the absolute concentration of gold precursor. In addition, they initiated the reaction with UV exposure and ascorbate, respectively, resulting in a more defined spherical gold NPs (Kimling et al., 2006) .
Although the aforementioned methods can produce gold NPs with variable sizes and shapes, they failed to produce NPs with uniform shapes and sizes necessary for significant effects on immunomodulation (Arosio et al., 2014; Fytianos et al., 2015; Brandenberger et al., 2010) . Consequently, 1,3-acetonedicarboxylic acid, formed by the oxidation of citrate, is later modeled to be responsible for the gold NPs size in which the balance of degradation of 1,3-acetonedicarboxylic acid reaction and the nucleation reaction determine the particle sizes (Kumar et al., 2007) . Other parameters such as pH, reaction temperature, solvent and reducing agents other than citrate are also modified to precisely control the shapes and sizes of gold NPs synthesized (Zhao et al., 2013) . For example, sodium borohydride was used as the reducing agent under ambient conditions to produce long-term stable gold NPs with a diameter of 3 nm (Deraedt et al., 2014) .
To confer functional properties to gold NPs as a future targeted delivery agent, a two-phase reduction method was initially introduced by Brust and Schiffrin's group by utilizing the alkanethiols that covered the surface of gold NPs, enabling gold NPs to be handled as a simple chemical compound (Brust et al., 1994) . Besides producing smaller gold NPs with a diameter of 1-3 nm, the Brust-Schiffrin method is useful in maximizing the functionality of gold NPs by incorporating other molecules such as polymers, fluorescent dyes and drugs to the particle surface (Arosio et al., 2011; Fytianos et al., 2015; Rodriguez-Lorenzo et al., 2014) .
Although the previous Turkevich-Frens method produces larger gold NPs (15-150 nm), the two-phase reduction method initiated by Brust and Schiffrin's group cannot be modified to obtain anisotropic gold NPs. In addition, other synthesis techniques focused on narrowing the size distribution (Jana et al., 2001 ) and making smaller particles (Duff et al., 1993a; Duff et al., 1993b) than the citrate route have since been developed. Gold NPs synthesized by the citrate route are less stable (Moller and Fritzsche, 2006) due to the presence of free ionic species such as Na + which imposes Debye Screening effects to screen through the electrostatic repulsion. In addition, because of the high density of gold, particles with a size of ∼10 nm sediment form suspension even if they are colloidally stable (Moller and Fritzsche, 2006) . To achieve a higher degree of colloidal stability, different capping agents with silane (Buining et al., 1997) , amine (Newman and Blanchard, 2006) , or thiol (Frenkel et al., 2005) functional groups have been employed to provide steric stabilization of the gold NPs. Through years of research, many gold NPs techniques have been explored and studied to produce well-defined gold NPs (Table 1 ). The most current widely applied method called the seed growth method, pioneered by Richard Zsigmondy, synthesized gold NPs in two separate nucleation and successive growth steps (Jana et al., 2001) . In this method, small-sized gold NPs called seeds (Duff et al., 1993a; Duff et al., 1993b) produced in the first step were enlarged with the addition of growth solution as well as the reducing and stabilizing agents in the second step. Although gold NPs produced are large in size, they are monodispersed and the shapes produced are more defined and varied as this method involves the most primary nucleation process (Fig. 1) .
In addition, different types of gold NPs synthesis would produce gold NPs with different characteristics (size, shape, surface (Niikura et al., 2013) , copyright 2013 American Chemical Society. functionalization) that subsequently affecting their responses in vivo and in vitro. In immunotherapies, responses such as cellular uptake, biodistribution, activation of immune response and cytotoxicity are regulated by these characteristics, thus determining the suitable gold NPs synthesis method is crucial. Current trend in gold NPs synthesis is the utilization of biological compounds (e.g. pomegranate, star anise) instead of chemicals (e.g. citrate) as the previous chemical synthesis method utilized harmful chemicals that have been shown to be toxic at cellular level. Thus this current approach is not only environmentalfriendly but also reduces the toxicity of gold NPs vital for the potential application (Lokina et al., 2014; Sathishkumar et al., 2015) .
Physiochemical properties of gold nanoparticles

Localized surface plasmon resonance
Applications of gold NPs in the immunotherapies field either for diagnosis or treatment based on one of its unique optical properties known as localized surface plasmon resonance (LSPR). LSPR of gold NPs is due to a collective oscillation of free electrons near the surface of gold NPs as a result of introduction of light at narrow range frequencies (Malola et al., 2013) . LSPR of gold NPs results in a strong light scattering and absorption as well as photon confinement that lead to strong electromagnetic fields on gold NPs surface, thus providing unique optical properties of gold NPs (Abadeer and Murphy, 2016) .
LSPR generated by gold NPs is sensitive to size, shape and surface chemistry (e.g. charge by determination of zeta potential) of gold NPs, suggesting the numerous potential applications of gold NPs, particularly biomedical imaging, through modifications of these parameters (Abadeer and Murphy, 2016; Gao et al., 2014) . Practically, LSPR of gold NPs is measured using UV-vis (UV-vis) spectroscopy for shape and size determination in addition to monitoring the stability and affinity of molecules conjugated with gold NPs (Tao et al., 2014; Stahelin, 2013 ).
Colloidal stability
Introduction of gold NPs to biological medium that contains high salt and proteins results in aggregation of gold NPs that is unfavorable to its targeted application. Thus, colloidal stability of gold NPs to be steadily monodispersed and biocompatible are crucial and surface modifications of gold NPs have been employed to achieve this colloidal stability (Gao et al., 2012) . A number of compounds (e.g. citrate, amine, CTAB, thiols) have been utilized to modify the surface and enhance the colloidal stability of gold NPs. Thiols compounds such as polyethyleneglycol (PEG), glutathione and mercaptopropionic acid have been shown to effectively stabilize colloidal gold NPs for biological applications due to its strong gold-sulfide bonds (Oh et al., 2013) . These surface modifications also directly affect the LSPR and zeta potential of gold NPs thus affecting the targeted functionality of gold NPs in immunotherapies (Alkilany and Murphy, 2010) .
Colloidal stability of gold NPs can be characterized using dynamic light scattering (DLS) and high-resolution transmission electron microscopy (TEM). DLS measures the hydrodynamic diameter of gold NPs that take into account the aggregation of gold NPs and the interaction of surface-bound ligands. TEM and DLS measurements can also determine the gold NPs dispersion (Zhou et al., 2016) . Zeta potential confirms the charge of gold NPs for surface modifications of molecules of interest for functionalization (Oh et al., 2011) .
Precise characterization of gold NPs' physiochemical properties is important to avoid variations and to maintain the homogeneity of NPs synthesized. As we will discuss further in this review, variations found in physiochemical properties of gold NPs would result in a distinct effects of gold NPs on the biological interactions, particularly the immune responses on DCs and T cells, hence thorough characterization of gold NPs synthesized is vital.
The use of gold nanoparticles in immunotherapies and vaccines
In agreement with its unique properties and the advancement in their synthesis, gold NPs are widely studied for immunotherapies and vaccine development (Fig. 2) . Due to their relatively small size (< 100 nm), gold NPs are preferentially accumulated in cells especially immune cells, as these cells are specialized cells to interact with foreign matters. In addition, gold NPs have the ability to passively accumulate in leaky, immature vasculature, solid tumors due to the enhanced permeability and retention (EPR) effect (Nicol et al., 2015) . Immunomodulatory effects of gold NPs depend on several factors, including specific cell or organ targeting, cell uptake capacity, release kinetics and systemic clearance (Hubbell et al., 2009 ).
Applications in immunotherapies
Manipulation of gold NPs on these platforms (e.g. cell uptake capacity) have recently been exploited to deliver therapeutic compounds for immunomodulation and have been researched for a broad range of diseases (including allergic diseases), but the greatest effort is focused on cancer nanomedicine. Targeted delivery in immunotherapies for cancer and other immune diseases (e.g. rheumatoid arthritis) is important for optimal therapeutic effects and to reduce systemic toxicity. The customizable size, shape and properties of gold NPs for surfacefunctionalization with drugs or other molecules to target these immune cells, makes gold NPs a promising delivery tool (Niikura et al., 2013; Paul et al., 2014) . This targeted approach could be an alternative method to the conventional chemotherapy with reduced detrimental side effects; for example, a new cancer chemotherapy strategy has been proposed regarding the use of gold NPs conjugated with conventional chemotherapy drugs (Tomuleasa et al., 2012) . Such drugs-conjugated gold NPs approach showed a significantly lower cellular proliferation of hepatocellular carcinoma-derived tumour cells than those exposed to drugs alone, supporting surface-functionalized gold NPs as an efficient delivery tool for cancer.
Various approaches have been taken to develop cancer immunotherapies using gold NPs and at present, some are in their clinical trial phase. In this regards, CYT-6091, a novel gold NPs conjugated with PEG and recombinant human tumor necrosis factor (rhTNF) are clinically tested on advanced-stage of solid organ cancer patients (Libutti et al., 2010) . Results from this study showed that conjugation of rhTNF onto gold NPs enabled this treatment application to be systematically administered to sequester its therapeutic effects on tumors at doses that were previously shown to be toxic . Besides targeting the specific immune cells, manipulations of gold NPs on other platforms are also investigated. Currently, AuroShell ® , a PEG-coated silica-gold nanoshell designed to absorb infrared light for tumor photo ablation, is in initial evaluation for safety in human prostate cancer (Stern et al., 2016) . This therapy utilizes the EPR effect of gold NPs that only accumulate in solid tumors, thus significantly reducing side effects in patients.
Applications in vaccines
Another important potential application of gold NPs in immunomodulation is the development of both prophylactic and therapeutic vaccines. Numerous studies have suggested that the conjugation of gold NPs with other functional molecules would significantly induce robust immunity, as required by vaccines (Safari et al., 2012; Tao et al., 2014; Rodriguez-Del Rio et al., 2015) . However, most of these studies are in preliminary phase with animal and cell lines model (Niikura et al., 2013; Paul et al., 2014; Ahn et al., 2014) and further investigations on interactions between human physiological functions and gold NPs are essential. This includes their potential to circulate freely in the body, infiltrate various tissues, accumulate subcellular compartments, travel across biological barriers and finally being excreted from the body. In addition, gold NPs, by virtue of their structure or composition, have shown strong adjuvant properties as important as the vaccine itself, suggesting that gold NPs by themselves stimulate immunity.
Adjuvants are defined as substances that boost antigen-specific immune response in terms of quality, magnitude or duration of the response. Therefore, in vaccine development, gold NPs can either be incorporated with adjuvants in combination of antigenic peptides or gold NPs themselves can function as an adjuvant, both aiming to increase the targeted cellular uptake and specific immune responses. For example, gold NPs conjugated with M2e with an addition of adjuvant significantly increased the M2e-specific immune response compared to the formulation without gold NPs (Tao et al., 2014) . Another conjugated gold NPs, with both CpG oligonucleotides and ovalbumin peptides, targeting DCs, have been shown to enhance the specific antigen presentation and elicit strong CD8 + T cell response, suggesting the adjuvant properties of gold NPs through specific targeting (Zhou et al., 2016) . Gold NPs coated with West Nile virus envelope protein enhanced the different cytokine pathways depending on their sizes and shapes, suggesting that gold NPs contain adjuvant properties beneficial for therapeutic vaccine (Niikura et al., 2013) . The success of gold NPs in immunotherapies and vaccines development is based on the precise control of their physicochemical properties that influence the ability of gold NPs to reach targeted cells. Antigen presenting cells (APC) such as DCs play a crucial role in promoting immunity or tolerance, therefore it is significant to target DCs in utilizing gold NPs to promote the required immunomodulation, as summarized in the following section. 
Dendritic cells
The classification and functions of dendritic cells
Human DCs are identified by the high expression of MHC II and the lack of typical lymphoid lineage markers (CD3, CD19/20, CD56) and comprised of several subsets (myeloid, plasmacytoid, Langerhans, monocyte-derived) categorized based on their markers and location, thus describing their extensive functionalities in immunity (Collin et al., 2013) . Myeloid DCs characterized with either CD1c + or CD141 + play a major role in the polarization of T helper cells (Th1 and Th2 cells respectively) (Coutant and Miossec, 2016) . On the other hand, plasmacytoid DCs characterized with CD303, CD304 and CD123 are the major source of interferon (IFN) secreted during viral stimulation (Coutant and Miossec, 2016) . Both myeloid and plasmacytoid DCs are found in circulating blood and both lymphoid and non-lymphoid organs. Langerhans cells are DCs that reside in the epidermis and other stratified squamous epithelia that monitor and capture antigens in the skin environment. Monocyte-derived DCs (MDDCs), DCs that arise from monocytes during inflammatory response, are commonly used in DCs studies as they share similar expression profiles of myeloid DCs (MHC II, CD11b, CD11c) with distinct monocyte expression of CD64. MDDCs display the characteristic of immature DCs with high endocytic and phagocytic capacities and can effectively stimulate T cells in vitro in the presence of GM-CSF and IL-4 (Mildner and Jung, 2014) . Functionally, DCs induce immunity (cellular and humoral) through response to foreign pathogens by immediately generating protective cytokines such as IFN-γ that further lead to the activation of cellular immune response (preferentially regulated by CD4 + and CD8 + T cells) which subsequently enhances humoral response (regulated by antibodies produced by B cells) (Hespel and Moser, 2012) . On the other hand, DCs promote tolerance when exposed to innocuous or self-antigens by providing appropriate environment for regulatory T cells (Tregs), the main regulator of immune tolerance, to maintain immune homeostasis (Sela et al., 2016) . Dendritic cells (DCs) are considered professional APCs as only DCs can prime naïve T cell (Steinman and Witmer, 1978) . In the periphery, DCs exist in immature state and are activated and differentiated into mature DCs through the recognition of foreign and self-antigens. They subsequently migrate to lymphoid organs for T cells priming. Migratory capacities of DCs are mediated by CCL19 and CCL21, sole ligands for CCR7 which is expressed by various subsets of immune cells (Clatworthy et al., 2014) including semi-mature and mature DCs (Ohl et al., 2004) for migration from inflammatory sites to lymphoid organs (Worbs et al., 2017) . Mature DCs undergo morphological changes by developing extensions that increase cellular surface to improve interaction with T cells (Hubo et al., 2013) . In addition, mature DCs downregulate IL-10, one of the mediators for immune tolerance, and upregulate major histocompatibility complex (MHC) and costimulatory molecules such as B7 family (CD80, CD86), CD40 and CTLA-4. Subsequently, these DCs activation and maturation would lead to the proliferation and differentiation of T cells for further immune mechanisms (e.g. effector T cells or direct cytotoxic activity on infected cells) (Hubo et al., 2013) . Thus, with the unique ability and crucial roles in antigen presentation and T cell activation, there are great interests in manipulating DCs functions in conjunction with gold NPs for induction of immune response in immunotherapies and vaccines development.
Recognition of antigens by DCs is determined by different subsets of receptors present on DCs surface including C-type lectin receptors (CLRs) and Toll-like receptors (TLRs), which are specific for different antigens thus regulating specific immune responses. CLRs are specific for antigens recognition by facilitating the receptor-mediated endocytosis in DCs (Geijtenbeek and Gringhuis, 2016) while TLRs are mainly used as target for activation of DCs (Makela et al., 2011) . Once antigens are recognized, DCs capture antigens through several mechanisms including phagocytosis, macropinocytosis and receptor-mediated endocytosis and disintegrate the antigens into smaller peptides to be loaded into MHC molecules and expressed on their cell surface.
MHC class I and MHC class II along with appropriate costimulatory molecules (CD80/CD86, CD40) and other soluble factors (IL-2, IL-15, IL-6 and TNF) would activate naïve T cells into specific CD8 + and CD4 + T cells, respectively (Hubo et al., 2013 (Merad et al., 2013) . DCs also possess the ability to regulate the homing receptors on T cells thus determining their migration pattern towards targeted inflammatory site in the periphery. Lung DCs have been shown to upregulate α4β7, the gut-homing integrin, known to be only mediated by CD103 + mesenteric lymph node DCs, and induce migration of effector T cells to gastrointestinal tract (Ruane et al., 2013) . Monocytes are rapidly recruited from periphery to inflammatory sites and differentiated into macrophages and MDDCs (Yang et al., 2014) , ensuring a longer extent of antigen-presenting stimuli towards T cells (Lanzavecchia and Sallusto, 2001 ). Furthermore, the interaction of DCs and T cells triggers DCs maturation via CD40L and enhances T cells stimulation and production of IL-12 that could prime both CD4 + and CD8 + T cells (Vacaflores et al., 2017) , thus sustaining DCs lifespan (Lanzavecchia and Sallusto, 2001) . This is profoundly important, as only sustained antigen-presenting DCs stimulation would differentiate T cells into effector T cells (Teff). A weak stimulation towards T cells does not result in effector function but gives rise to central memory T cells and immune tolerance (Lanzavecchia and Sallusto, 2001) . Under steady state, immature DCs that recognize self-antigens express low levels of costimulatory molecules, thereby inducing weak T cells stimulation which leads to central immune tolerance (e.g. deletion of self-reactive T cell in the thymus) and peripheral immune tolerance (e.g. receptor-mediated uptake by DCs without maturation stimuli and deletion of T cells) (Lanzavecchia and Sallusto, 2001; Steinman et al., 2003) . In addition, Tregs maintain immune tolerance and prevent autoimmunity by inhibiting the proliferation and cytokine production of self-reactive T cells and control immune homeostasis against innocuous antigens, applicable in allergy reactions (Kondelkova et al., 2010) . Through DCs, Tregs inhibit T cells proliferation by forming aggregates around DCs and specifically downregulate CD80 or CD86 expression on DCs, inhibiting maturation of DCs (Onishi et al., 2008) .
Moreover, DCs also play a role in the stimulation of B cells by producing distinct cytokines and factors critical for the activation and differentiation of B cells. DCs-derived signals such as IL-6 and IL-27, along with IL-21 and CXCR5, are essential for the long-term humoral immune response through the production of antibodies by memory B cells (Geijtenbeek and Gringhuis, 2016) These functions of DCs provide vital clues on the importance of DCs and the various approaches of DCs to be exploited in immunotherapies. Currently, the application of DCs in the direct approach in inducing immunity in disease state or as antigen carrier or adjuvants in vaccines development are widely investigated (Arosio et al., 2014; Broos et al., 2010) .
The use of gold nanoparticles in targeting dendritic cells
As DCs are well established in priming T cell activity and induce potent T cell responses, targeting these immune cells is one of the most efficient strategies in the application of immunotherapies and vaccine development. This strategy is explored to deal with several challenges of immunotherapies such as the lack of vaccines effectiveness (Cohn and Delamarre, 2014) , immune escape in cancer and persistent viral infection as well as the adverse effects of therapies on other healthy cells (Kreutz et al., 2013) . Previously, autologous, ex-vivo, DCs vaccines or antigen-pulsed DCs have been utilized as it has been shown to induce antigen-specific T cell response in vivo (Sabado et al., 2017) . This approach has been in several clinical trials and shows promising application of DCs as targeted immunotherapies in ovarian cancer (Coosemans et al., 2013) , head and neck cancer (Schuler et al., 2014) and breast cancer (Koski et al., 2012) and HIV infection (Jacobson et al., 2016) . However this approach is deemed laborious and timeconsuming as it involves several methodologies including the generation and maturation of DCs, antigen loading, administration and migration of DCs, before it can effectively initiate T cell immunity (Sabado et al., 2017) . Hence, other strategies are developed to successfully target DCs, in vivo, in modulating immunity. One of the current strategies in DCs immunotherapies is to use materials to either modulate immune-cell function or/and to trigger immune specific response.
Gold NPs, as discussed, with its desirable characteristics that renders them the potential tool to target DCs. To modulate immune-cell function of DCs, gold NPs are utilized to resolve several aspects in DCs immunomodulation such as to enhance antigen uptake, to penetrate the tissue and mucosal barriers as well as for intracellular targeting (Hubbell et al., 2009) . As gold NPs can be easily and stably surfacefunctionalized, they are conjugated to a variety of molecules such as cell-penetrating peptides and specific targeting antibodies that would effectively and specifically target the DCs receptor, thus enhancing the uptake and initiating the selective adaptive immunity. In addition, these functionalized gold NPs enabled them to penetrate the tissue and mucosal barriers as well as the intracellular targeting that further determine the immune response through DCs.
In the next section we would discuss further on the effects of gold NPs on triggering specific immune response functions through DCs and the factors involved including the role of particle size and shape and surface functionalization.
Effects of gold nanoparticles on human dendritic cells
Studies on interactions and effects of gold NPs on DCs are vital owing to the critical roles of DCs in the activation of innate and adaptive immune responses. Focusing on human DCs is relevant to the functions and potential application of gold NPs as therapeutics in human diseases. Here, we discuss the effects of gold NPs on human DCs specifically on the cellular uptake and the subsequent immune response activated by DCs (Table 2 and Fig. 3) . We also discussed the potential cytotoxicity induced by gold NPs towards DCs to accommodate the safety of potential application of gold NPs in immunotherapies. Since all the studies in this review utilized MDDCs in their experiments, the phenotypic characteristics and functional significances are based on MDDCs.
Cellular uptake and internalization of gold NPs
Eventually, studies and applications of gold NPs require them to be introduced into the biological systems such as bloodstream of an organism, cells of interest or growth medium. Thus, understanding the interaction of gold NPs on these platforms is essential as its influenced the subsequent processes such as cellular uptake, regulation of immune responses and cytotoxicity (Alkilany and Murphy, 2010) . Upon exposure to biological systems that consist of a complex mixture of proteins, metabolites and nutrients, gold NPs would interact with these components and change its physiochemical properties (size, surface charge, aggregation, surface chemistry). Adsorption of proteins in the medium to the gold NPs would form a protein shell termed as 'protein corona' that alters the effective surface charge of gold NPs (Alkilany and Murphy, 2010) . Altered surface charge of gold NPs would later mediate the cellular uptake of gold NPs through the receptor-mediated endocytosis and also change the aggregation of gold NPs (Alkilany and Murphy, 2010) .
Cellular uptake and internalization of gold NPs into DCs are mediated through several mechanisms including phagocytosis, macropinocytosis and receptor-mediated endocytosis, depending on their physiochemical properties of sizes and surface modification. A few studies have shown enhanced cellular uptake of smaller 1-2 nm-gold nanoclusters (NCs) by DCs compared to a larger 12 nm-gold NPs le Guével et al., 2015) . These observations were attributed to the high diffusion capacity of smaller particles compared to a larger counterpart, in addition to a greater cellular uptake interactions (e.g. phagocytosis, macropinocytosis) . These findings were contradictory to a previous study in which 50 nmgold NPs were internalized more efficiently by DCs than 10 nm-gold NPs (Tomic et al., 2014) . The difference may be due to the minimum wrapping time required for 50 nm-gold NPs compared to the smaller counterparts, resulting in a faster and higher accumulation into the DCs. Wrapping time which is dependent to particle size is the ratio between the free energy required to drive particles into the cell and the receptor diffusion kinetics (Chithrani and Chan, 2007) . The absence of surface modification compared to aforementioned studies with surface coating of peptides and thiols also suggest that the size-dependent cellular uptake and further internalization into DCs were assisted by the phagocytic capacity of DCs (Fig. 3) . Surface chemistry that is used to functionalize gold NPs is another critical factor that affects the gold NPs uptake and internalization into DCs. Furthermore, surface modification of gold NPs is to protect the NPs from aggregation and protein corona formation that led to reduced cellular uptake in different cell lines (Alkilany and Murphy, 2010; Cheng et al., 2015) . Gold NCs and NPs conjugated with zwitterionic ligands show more effective uptake compared to PEGylated counterparts . These Zw-gold NCs/NPs high uptake that further induced DCs maturation and T cell interaction could be explained by the attraction towards naturally charged zwitterionic ligands as well as specific binding by PEGylated counterparts that ultimately lower their overall cellular uptake. In addition, PEG coating has been shown to conceal NPs, avoiding the cellular uptake mechanisms and hence resulting the low uptake of NPs into DCs (Rodriguez-Lorenzo et al., 2014) . Another polymer, polyvinyl alcohol (PVA) conjugated to gold NPs with negative surface charge (NH 2 ) showed the highest cellular uptake in DCs, suggesting the combination of surface modifications would further enhance the cellular uptake (Fytianos et al., 2015) . Furthermore, these show the significance of another important property of gold NPs, which is the surface charge, in regulating cellular uptake in DCs.
Functionalization of gold NPs for targeting DCs surface receptors can enhance specific cellular uptake with a reduced systemic toxicity. DC-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), a type of DCs lectin that specifically recognizes high • Localization of AVN at the mature DC-T cell synaptic junction (Yu et al., 2015) 2 α-fucosylamide 50 μl
• DC-SIGN internalization • Do not induce DC maturation and IL-10 secretion (Arosio et al., 2014) 10, 50 -5-200 μg/ml
• Do not induce necrosis • 50 nm is internalized more than 10 nm (perinuclear)
• Suppression of CD86 and CD83
• 10 nm suppress HLA-DR, thus suppressing allostimulatory capacity in DC-
• 50 nm induce secretion of IL-17 (Tomic et al., 2014) 2 Galactofuranose 10 μg/ml
• Internalization via DC-SIGN • Upregulation of DC maturation markers • Increased secretion of IL-6 and TNF 18-71 PVA and PEG 20 μg/ml
• Low cellular uptake mannose clusters on many pathogens (e.g. HIV gp120 envelope protein) is widely used as a targeted ligand for gold NPs. Several studies have utilized DC-SIGN as a targeted approach to effectively induce cellular uptake and internalization and subsequently initiate adaptive immune response, specifically T cells (Arosio et al., 2014; Chiodo et al., 2014; Cruz et al., 2014; Arnaiz et al., 2012) (Fig. 3) . Attachment towards DC-SIGN through multivalent carbohydrate-lectin interactions would induce internalization of gold NPs into cytosol that subsequently presents the encapsulated antigens to T cells (Cruz et al., 2014) . Conclusively, both sizes (1-80 nm) and surface modifications are important criteria in maximizing the application of gold NPs for immunotherapies and vaccine development as the efficient cellular uptake and internalization of gold NPs into DCs are the crucial initial responses in immunomodulation.
Regulation of immune response by gold NPs
Fundamentally, cellular uptake and internalization of antigens by DCs would activate maturation of DCs and initiate T cell response based on antigen presented. Nonetheless, effective cellular uptake and internalization of gold NPs do not always result in enhanced DCs maturation and T cell-mediated immunity. Several critical factors including the size and type of ligands on the surface of gold NPs would distinctly affect DCs maturation, T cell responses and cytokines secretion.
DCs maturation regulated by gold NPs
Maturation of DCs can be analyzed by detecting the regulation of specific surface markers including CD80, CD83, CD86 and HLA-DR upon antigen recognition. Both CD80 and CD86 are known to describe fully mature DCs, while CD83 is best considered as activation marker. HLA-DR is involved in antigens presentation to CD4 + and CD8 + T cell.
Human immature DCs constitutively express CD86 intermediately and lack of CD80. Hence, CD80 is more reliable to represent maturation of DCs with an enhanced expression of CD86 (Hubo et al., 2013) . Surface modification of 2 nm-gold NCs with zwitterionic ligands enhances CD80 expression, indicating that functionalization with a free ligand may influence the degree of DCs maturation, besides modulating by the size of gold NPs . However, a different maturation profile was demonstrated when 12 nm-gold NPs significantly enhanced both CD80 and CD86 expression while no induction of DCs maturation by 2 nm-gold NCs incubation (le Guével et al., 2015) . This observation was surprising since 2 nm-gold NCs were more effectively taken up by DCs than 12 nm-gold NPs, suggesting that size and surface functionalization play a role in the internalization process, which then may lead to a different signaling pathway. Another study showed the upregulation of DCs maturation especially the expression of CD86 upon exposure to galactofuranose-coated 2 nm-gold NPs .
However, effective internalization of 50 nm-gold NPs impaired the LPS-induced expression of CD83 and CD86 by DCs (Tomic et al., 2014) . Another ∼1 nm-gold NPs conjugated with oligomannoside showed reduced expression of CD80 compared to LPS-induced expression and upregulation of CD83, suggesting activation of DCs without further maturation (Arnaiz et al., 2012) . Some other studies on 2 and 15 nmgold NPs also demonstrated a lack of DCs maturation even after effective internalization into human DCs (Arosio et al., 2014; Brandenberger et al., 2010) . Therefore, effective cellular uptake and internalization of gold NPs do not necessarily lead to the induction of DCs maturation.
T cell response regulated by gold NPs
Primarily, the fundamental goal of targeting DCs using gold NPs is to successfully activate T cells to produce either Teff for immune response or Tregs for immune tolerance. Activation of the cellular arm of adaptive immune response by DCs upon exposure to gold NPs can be measured through several approaches including T cell proliferation, T cell activation and cytokines secretion. T cell proliferation can be measured through a variety of assays including labeling cells with fluorescent dye solution such as carboxyfluorescein diacetate succinimidyl ester (CFSE) and its derivative to trace multiple generation of cells, incorporating tritiated thymidine ( 3 H) or 5-bromo-2'-deoxyuridine (BrdU) to directly measure DNA synthesis, or measuring the expression of cell proliferation marker Ki67. Studies discussed in this review utilized labeling assay particularly CSFE to measure the percentage of cells expressing several various surface markers such as CD3, CD4, CD8 and CD56 le Guével et al., 2015; Cruz et al., 2014) to determine sub-populations of cells based on phenotype and functional characteristics (Soares et al., 2010) . Besides that, a few studies utilized the 3 H incorporation assays to directly measure cellular proliferation (Cruz et al., 2014 ) (Rodriguez-Lorenzo et al., 2014 .
The incubation of gold NCs with peripheral blood lymphocytes showed a weaker T cell proliferation compared to the gold NPs . Furthermore, gold NPs, especially with zwitterionic ligands, induced a strong NK cells proliferative response, with a minor CTLs response . This observation was supported by a study that showed internalized 12 nm-gold NPs mediated proliferation of Th and NK cells (le Guével et al., 2015) . Bimodal conjugation of gold NPs with PLGA and fluorescence-labeled antigens demonstrated an increased DC-SIGN-specific uptake with a successful antigen presentation to T cells (Cruz et al., 2014) .
Another conjugated gold NPs, glycosphingolipid presenting artificial virus NPs (GM3-AVNs) has been established to specifically bind and internalize CD169
+ DCs in the non-lysosomal compartments (Yu et al., 2015) . GM3-AVNs mimic the sequestration of HIV-1 when live-cell optical tracking studies showed a preferred movement of CD4 + T cells towards the cellular accumulation of AVNs, suggesting the DCs and T cells synapse conjugate in the presence of established AVNs. Interestingly, there are few studies that demonstrate effective cellular uptake of gold NPs into DCs to be neutral toward immune modulation in respect of T cell response and cytokines secretion (Fytianos et al., 2015) (Arosio et al., 2014) . Fytianos et al. showed an efficient uptake by the negatively charged gold NPs; however, it did not show correlation between the surface modification and cytokines secretion. Similarly, Arosio et al. shows that neither CD86 nor IL-10, the afterresult of DC-SIGN signaling, is upregulated despite the effective DC-SIGN internalization by functionalized gold NPs. These results may demonstrate the role of other criteria for intracellular trafficking in DCs other than the quantity and type of internalized antigens and the targeted receptors, to effectively present antigens to T cells, demanding for further investigations.
Other than T cell proliferation, activation of adaptive immunity can be measured through the expression of activation markers such as CD25, CD69 and HLA-DR. Activated T cells express CD69, the earliest activation marker for Teff, and CD25, the surface receptor of IL-2, which is mainly produced from activated CD4 + and CD8 + T cells (Broere et al., 2011) . For HLA-DR, which is measured for DCs maturation status, is involved in antigen presentation to T cells. Cytokines secretion upon exposure of gold NPs to DCs is further discussed in the next section.
Cytokines secretion regulated by gold NPs
Both activation of DCs and T cells require a balanced regulation of soluble cytokines including IL-1, IL-6, IL-10, IL-12, IL-23, TNF and IFN-γ. Furthermore, these cytokines, along with specific antigen presentation by DCs, are responsible to prime T cells into either CD4 + Th or CD8 + CTLs. Th that are further categorized into Th1, Th2, Th17 and
Tregs are recognized through their distinct cytokine profiles and each of them possess different effector functions (Park and Pan, 2015) . Th1 cells produce IFN-γ as the main cytokines and are induced in the presence of IL-12 produced by DCs while Th2 cells produce IL-4, IL-5, IL-9 and IL-13 and are induced in the absence of IL-12 (Quaglino et al., 2011) . Th17 cells are recognized through its unique secretion of IL-17 (Annunziato et al., 2007) while Tregs are mediated by IL-10 and TGF-β (Raphael et al., 2015) . Fernandez et al. utilized different-sized gold NPs and showed a variation of cytokine secretions upon cellular uptake by DCs. Two nm-gold NCs exposed to DCs induced an increased secretion of IL-12p70 and IFN-γ accompanied by a significant decreased of IL-4, modulating a typical Th1 cellular immunity . Meanwhile, 12 nm-gold NPs induced an increased secretion of IL-4 and a lack of IL-12p70 and IFN-γ, showing a pattern towards Th2 type humoral immune response . Observation by Guevel et al. that showed significant increase of cytokines IL-12 and IFN-γ as a response of enhanced DCs maturation with the uptake of 12 nm-gold NPs compared to 2 nm-gold NCs, suggesting the induction of Th1 cell-mediated immunity (le Guével et al., 2015) . Another previous study showed immunosuppressive effects of 10 nm-gold NPs by inhibiting LPS-induced IL-12p70 secretion with an increased secretion of IL-10 while bigger counterpart 50 nm-gold NPs stimulate Th17 response (Tomic et al., 2014) . These observations are interesting in which they suggest that the size of gold NPs may result in different types of Th response in addition to the types of antigen recognized by DCs and in agreement with the different mechanism of internalization into DCs that lead to different signaling pathway.
Toll-like receptors (TLRs) signaling that recognized antigens based on its receptors induced pro-inflammatory cytokines such as IL-6, IL-12 and TNF (Makela et al., 2011) . Galactofuranose, polysaccharides typically found on pathogens membrane, coated onto gold NPs, effectively upregulate maturation of DCs and induce high secretion of IL-6 and TNF, but did not trigger TLR2 signaling pathway . This observation suggesting the potential of this conjugated gold NPs in stimulating proinflammatory response in the absence of TLRs signaling . Another conjugation of gold NPs with ligands successfully induced cytokines secretion such as IL-10 . However, some gold NPs failed to induce cytokines secretion even though they showed successful internalization and even maturation status of the DCs (Arosio et al., 2014; Fytianos et al., 2015; Brandenberger et al., 2010; Arnaiz et al., 2012) . Since various sizes and surface chemistry of gold NPs affect subsequent immune response differently, careful selection and repeated experimentation with the size of NPs synthesized and their coating should be of utmost importance to achieve the anticipated effects when exploiting gold NPs.
Cytotoxicity of gold nanoparticles
Since gold NPs are exposed into the body through various routes (e.g. dermal, oral, respiratory tract) (Roy et al., 2015) , cytotoxicity must be addressed while examining their potential. Although gold NPs are inert and biocompatible, contradictory results have been obtained regarding their toxicity towards cells. Gold NPs' cytotoxicity may be due to their minute sizes which render them to have a larger reactive surface area to volume ratio for extracellular or intracellular interactions (Jahnen-Dechent and Simon, 2008), involved in the production of oxidative stress (Akhtar et al., 2012) as well as the ease of internalization of gold NPs into the membrane and organelles. Local or systemic toxicity associated with exposure to gold NPs would impact NP-cell interactions at the location of the NPs are being deposited (Shao et al., 2014; Lee et al., 2016b) .
Cytotoxicity of gold NPs can be affected by size, concentration and surface functionalization. As discussed earlier, different NPs synthesis methods result in different characteristics (size, shape, surface functionalization), thus affecting cytoxicity levels of gold NPs on DCs. Studies have shown a very low cytoxicity for different sizes of gold NPs on DCs and T cells regardless of their surface functionalization and concentrations of gold NPs le Guével et al., 2015) . Absence of gold NPs inside the nucleus or organelles has been observed, despite the effective cellular uptake and internalization into DCs, correlating with very low toxicity of gold NPs in these studies Fytianos et al., 2015; le Guével et al., 2015; Tomic et al., 2014) . This adds to the advantage of gold NPs compared to other NPs in general, for example silver NPs that caused more DNA damage compared to gold NPs at similar concentrations (Singh et al., 2010) .
However, a contradictory result was observed when only 10-nm gold NPs induces weak apoptosis in DCs (20% dead cells) compared to a bigger 50-nm gold NPs which had no cytotoxic effects on DCs up to its highest concentrations (200 μg/ml) (Tomic et al., 2014) . This observation is in line with the previous studies that demonstrated the sizedependent cytotoxicity of gold NPs on different cell types (Yen et al., 2009; Pan et al., 2007) . Smaller gold NPs size were more readily accumulated into cell nuclei and organelle thus allowing for DNA damage that lead to adverse effects towards the cell (Paino et al., 2012) .
Besides the size of the NPs, the cytotoxicity of gold NPs also depends on the concentration of NPs that are exposed to the cells. Most studies that showed no significant or low level of cytotoxicity of gold NPs on human DCs demonstrated an induction of cytotoxicity with an increasing concentration of gold NPs exposure Fytianos et al., 2015) . These observations reinforce the compulsory evaluation of effective and non-toxic concentration of NPs in studies related to their potential specifically in human.
Surface chemistry has been regarded as an important key feature that functions in controlling the properties and functionality of the NPs (Toy and Roy, 2016) . Positive charged-polymer-coated-gold NPs have been shown to significantly decreased cell viability (Fytianos et al., 2015) , implying to the importance of appropriate surface functionalization of gold NPs to be safely applied in human. Furthermore, synthesis of gold NPs often requires toxic chemical reagents for their reducing and stabilizing agents such as free citrate and CTAB. These chemical reagents need to be properly purified to avoid their presence in the culture supernatant as they are shown to be toxic to the cells even at low concentration (Alkilany and Murphy, 2010) . Overall, the aforementioned studies give an indication that the correct synthesis and precise characterization of NPs helps in reducing the cytotoxicity of gold NPs to the experimental cell lines.
Although most of the studies showed that gold NPs do not induce toxicity towards targeted cells, other parameters such as functional characteristics need to be further assessed. For instance, one study showed that incubation of DCs with gold NPs do not induce cytotoxicity; however, they significantly reduced the secretion of IL-12p70, an important cytokine in the stimulation of T cells (Villiers et al., 2010) . Another study showed that non-toxic 10 nm-gold NPs, specifically at a concentration of 10 μg/ml, impaired the maturation and allostimulatory capacity of DCs resulting in poor T-cell mediated anti-tumor immune response (Tomic et al., 2014) . Overall, low toxicity of gold NPs in the interactions with DCs is important for their maximal application in immunotherapies and vaccine development.
Conclusion
The advantageous properties of gold NPs have encouraged researchers to utilize them as a promising tool in various biomedical clinical applications, particularly immunotherapies and vaccine development. These properties are partly reliant on the internalization process of gold NPs into DCs, the sentinels of immunity that subsequently prime T cells for further immune responses. Since gold NPs are biocompatible and chemically stable, they possess low toxicity towards DCs, regardless of their characteristics. However, variations of gold NPs effects on DCs owing to the critical factors including size and surface chemistry suggest that extensive investigations on their cytotoxicity, cellular uptake and the following immune responses are crucial.
